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ABSTRACT
Magnetic reconnection in relativistic collisionless plasmas can accelerate particles and
power high-energy emission in various astrophysical systems. Whereas most previous
studies focused on relativistic reconnection in pair plasmas, less attention has been
paid to electron-ion plasma reconnection, expected in black hole accretion flows and
relativistic jets. We report a comprehensive particle-in-cell numerical investigation of
reconnection in an electron-ion plasma, spanning a wide range of ambient ion mag-
netizations σi, from the semirelativistic regime (ultrarelativistic electrons but non-
relativistic ions, 10−3  σi  1) to the fully relativistic regime (both species are
ultrarelativistic, σi  1). We investigate how the reconnection rate, electron and ion
plasma flows, electric and magnetic field structures, electron/ion energy partitioning,
and nonthermal particle acceleration depend on σi. Our key findings are: (1) the re-
connection rate is about 0.1 of the Alfve´nic rate across all regimes; (2) electrons can
form concentrated moderately relativistic outflows even in the semirelativistic, small-σi
regime; (3) while the released magnetic energy is partitioned equally between electrons
and ions in the ultrarelativistic limit, the electron energy fraction declines gradually
with decreased σi and asymptotes to about 0.25 in the semirelativistic regime; (4)
reconnection leads to efficient nonthermal electron acceleration with a σi-dependent
power-law index, p(σi) ' const + 0.7σ−1/2i . These findings are important for under-
standing black hole systems and lend support to semirelativistic reconnection models
for powering nonthermal emission in blazar jets, offering a natural explanation for the
spectral indices observed in these systems.
Key words: acceleration of particles – accretion, accretion discs – magnetic recon-
nection – relativistic processes – BL Lacertae objects: general – X-rays: binaries
1 INTRODUCTION
Magnetic reconnection is a basic plasma process often leading to the violent release of magnetic energy through rapid rear-
rangement of magnetic field geometry (e.g., Biskamp 2005; Zweibel & Yamada 2009; Yamada et al. 2010). Relativistic magnetic
reconnection can occur when, as in many high-energy astrophysical environments, the magnetic energy density exceeds the
energy density of the ambient plasma (including the rest-mass energy density). This situation is characterized by a large
magnetization parameter σhot ≡ B2/4piw, where B is the ambient reconnecting magnetic field strength and w ≡ u+ p is the
relativistic enthalpy density, the sum of the relativistic energy density u (including rest mass) and the plasma pressure p.
When σhot  1, the (relativistic) Alfve´n velocity VA = c σ1/2hot (1 + σhot)−1/2 approaches the speed of light c, and magnetic
reconnection proceeds in the relativistic regime (Blackman & Field 1994; Lyutikov & Uzdensky 2003; Lyubarsky 2005), leading
? E-mail: Greg.Werner@colorado.edu
c© 0000 The Authors
ar
X
iv
:1
61
2.
04
49
3v
2 
 [a
str
o-
ph
.H
E]
  2
3 D
ec
 20
17
2 G. R. Werner et al
to ultrarelativistic bulk flows, plasma heating to relativistic temperatures, nonthermal particle acceleration to ultrarelativistic
energies, etc.
There are many examples of high-σ (σhot  1) and medium-σ (σhot ∼ 1) astrophysical environments where relativistic
magnetic reconnection is believed to take place, including pulsar magnetospheres, pulsar winds, and pulsar wind nebulae
(PWNe) (Coroniti 1990; Lyubarsky & Kirk 2001; Zenitani & Hoshino 2001; Kirk & Skjæraasen 2003; Kirk 2004; Contopoulos
2007a,b; Sironi & Spitkovsky 2011; Uzdensky et al. 2011; Cerutti et al. 2012a,b, 2013, 2014a,b; Uzdensky & Spitkovsky 2014;
Philippov & Spitkovsky 2014; Philippov et al. 2014; Cerutti et al. 2015); gamma-ray bursts (GRBs) (Drenkhahn & Spruit
2002; Giannios & Spruit 2006; McKinney & Uzdensky 2012); magnetospheres of magnetars (Lyutikov 2003, 2006; Uzdensky
2011); coronae of accreting black holes (BHs) in both galactic X-ray binaries (XRBs) and active galactic nuclei (AGNs) (Galeev
et al. 1979; Di Matteo 1998; Hoshino & Lyubarsky 2012; Uzdensky & Goodman 2008; Goodman & Uzdensky 2008), as well
as in relativistic jets powered by these systems, including blazars (Giannios et al. 2009; Giannios et al. 2010; Nalewajko et al.
2011; Nalewajko et al. 2012; Giannios 2013; Sironi et al. 2015; Petropoulou et al. 2016). Many of these systems are observed
to emit nonthermal broad-band radiation (characterized by a power-law energy spectrum). Whether quiescent or in the form
of bright, impulsive X-ray and γ-ray flares with rapid time variability, such nonthermal radiation is thought to result from
energetic electrons (and positrons, if present) emitting via synchrotron and/or inverse Compton (IC) mechanisms; the energy
spectrum of emitting particles is therefore inferred to be nonthermal as well (a power law, sometimes extending over orders
of magnitude in energy). This highlights the importance of understanding the physical mechanisms of non-thermal particle
acceleration operating in collisionless energy-conversion processes, of which magnetic reconnection is a leading candidate [see,
e.g., (Hoshino & Lyubarsky 2012) for a review], taking place in relativistic astrophysical plasmas.
Nonthermal particle acceleration in plasma processes has been studied within fluid (e.g., magnetohydrodynamic, MHD)
frameworks by tracking distributions of passive test particles (Nodes et al. 2003; Onofri et al. 2006; Drake et al. 2009; Ding
et al. 2010; Gordovskyy et al. 2010; Kowal et al. 2011). However, such studies, though valuable in many respects, cannot
account for the effects of nonthermally accelerated particles acting back on the electromagnetic fields and fluid motions. These
self-consistent effects are likely to be important, especially when the particle energy distributions f(ε) ∼ ε−p have power-law
indices p < 2 (as in ultrarelativistic electron-positron reconnection: Sironi & Spitkovsky 2014; Guo et al. 2015; Werner et al.
2016), indicating that most of the particle kinetic energy resides in particles with energies much higher than average. Because
of this, a self-consistent study of nonthermal particle acceleration inherently requires a kinetic approach that evolves the
entire particle distribution. A powerful computational tool often employed in numerical studies of kinetic plasma processes
is particle-in-cell (PIC) simulation. In particular, there have been a large number of PIC studies of relativistic collisionless
reconnection in electron-positron pair plasmas in the high-σ limit in the past few years (Zenitani & Hoshino 2001, 2005, 2007,
2008; Jaroschek et al. 2004; Lyubarsky & Liverts 2008; Jaroschek & Hoshino 2009; Liu et al. 2011; Bessho & Bhattacharjee
2012; Kagan et al. 2013; Cerutti et al. 2012b, 2013, 2014a,b; Sironi & Spitkovsky 2011, 2014; Guo et al. 2014, 2015; Liu et al.
2015; Nalewajko et al. 2015; Sironi et al. 2015, 2016; Werner et al. 2016). These studies have concentrated on pair plasmas
for two main reasons. First, some of the most important astrophysical applications of relativistic reconnection involve pair
plasmas, most notably pulsar magnetospheres, pulsar winds, and PWN. The second reason is the relative simplicity of pair
plasma reconnection due to the absence of the scale separation, present in conventional electron-ion plasmas, between the
important electron and ion kinetic scales such as the Larmor radii, ρe and ρi, and the collisionless skin depths, de and di.
Computational advances have allowed the more recent of these PIC studies (e.g., Sironi & Spitkovsky 2014; Guo et al. 2014;
Werner et al. 2016) to add substantially to our understanding of relativistic pair-plasma reconnection by clearly demonstrating
efficient nonthermal particle acceleration and mapping out its quantitative characteristics, such as the power-law index and
high-energy cutoff, as functions of the system parameters.
However, electron-ion (ei) plasmas predominate in many relativistic high-energy astrophysical environments in which
magnetic reconnection is believed to be important (throughout this paper, the ions are protons). For example, ei-plasma
reconnection has been invoked as the main mechanism responsible for electron heating and subsequent high-energy radiation
in many of the systems mentioned above, e.g., in accretion disc coronae (ADC) in black hole systems, in gamma-ray flares in
relativistic blazar jets (and AGN jets in general), including ultrarapid TeV flares, and for powering prompt emission in GRBs.
Despite its importance, and in stark contrast to nonrelativistic reconnection, relativistic reconnection in ei plasmas has so far
received relatively little attention; PIC studies of ei reconnection in the relativistic regime have started only recently (Melzani
et al. 2014a,b; Werner et al. 2013; Werner 2015; Guo et al. 2016).
When considering ultrarelativistic reconnection in electron-ion plasmas, it is important to note that the key fundamental
plasma time- and length-scales, such as the plasma and cyclotron frequencies, the collisionless skin depth, and the Larmor
radius, become independent of the particle rest mass and instead depend only on the average particle energy in this ultra-
relativistic limit. Therefore, if both electrons and ions become ultrarelativistic as a result of magnetic energy release in a
reconnection process, then any differences in the dynamical behaviour of the two species disappear (in the absence of ra-
diative losses). Correspondingly, one a priori expects ultrarelativistic ei-plasma reconnection to become essentially similar to
ultrarelativistic pair-plasma reconnection, as was indeed confirmed in a recent study by Guo et al. (2016).
Importantly, however, in many real astrophysical plasmas, one finds a more complex and interesting situation—the
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semirelativistic regime—where typical electrons are ultrarelativistic (with the average Lorentz factor γ¯e = 1 + ε¯e/mec
2  1)
but ions are subrelativistic (ε¯i  mic2); here, ε¯e,i is the average kinetic energy of electrons/ions, excluding the rest-mass
energy. Whether typical ions in the reconnection outflow are expected to be relativistic is governed by the upstream ‘cold’
magnetization σi ≡ B20/(4pinbi,0mic2), where B0 is the reconnecting magnetic field and nbi,0 is the ion density upstream of
the reconnection region; this quantity is basically twice the ratio of the available magnetic energy density to ion rest-mass
energy density. Magnetic reconnection in the semirelativistic regime, characterized by σi . 1, may be of great importance in,
e.g., accreting black hole coronae and AGN (including blazar) jets. Because of the very large separation between the electron
and proton rest masses, µ = mp/me = 1836, the range of applicability of this regime is actually quite broad: it essentially
covers three orders of magnitude in σi and hence in the expected average dissipated energy per particle, and correspondingly
several orders of magnitude in the energy of emitted photons (since εph ∼ γ2). It is thus critical to understand this new, so
far unexplored, reconnection regime, as well as the transition from this semirelativistic regime to the pair-plasma-like regime
of ultrarelativistic ions as σi increases from σi < 1 to σi  1. We note that, in contrast to our present study, Guo et al.
(2016) focused solely on the ultrarelativistic regime, σi ≥ 10, while Melzani et al. (2014a,b) studied greatly reduced mass
ratios (µ ≤ 25) with σi ≈ 1 and mildly relativistic electrons, as well as with σi = 0.04 and barely relativistic electrons.
Here we report the results of our systematic investigation of collisionless ei-plasma magnetic reconnection, using the real
mass ratio µ = 1836, from the semirelativistic through the ultrarelativistic regime—covering the entire range from σi = 0.03
to σi = 10
4—using the relativistic PIC code Vorpal/VSim (Nieter & Cary 2004). We focus on several important quantitative
characteristics of the reconnection process for large system sizes Lx—such as the reconnection rate, energy partitioning between
electrons and ions, Hall effect signatures, power-law slopes and cutoff energies of nonthermal particle populations—and study
how they scale with the upstream ion magnetization σi.
This paper is organized as follows. In §2 we describe our numerical simulations, and then present the results in §3–4. In §3
we discuss the basic fluid dynamics and electrodynamics of reconnection—reconnection rate, plasma flows, and Hall effect
signatures. We then describe our findings regarding the energetics and kinetic aspects of the reconnection process in §4, namely,
the energy partitioning between electrons and ions, and nonthermal particle acceleration. After that, in §5 we discuss some
of the most intriguing astrophysical applications of our results, in particular, as a possible natural explanation for ultrarapid
TeV flares in AGN/blazar jets [with connections to the minijet model of Giannios et al. (2009)], as well as the non-flaring
emission at lower energies. Finally, in §6 we summarize our conclusions.
2 SIMULATIONS
Our simulations—all 2D—of relativistic electron-proton plasma reconnection presented here are performed with the explicit
electromagnetic particle-in-cell Vorpal/VSim code (Nieter & Cary 2004), using a fully electromagnetic field solver (Yee 1966)
and a relativistic Boris particle-push (Boris 1970) with divergence-preserving current deposition (Villasenor & Buneman 1992;
Esirkepov 2001). The simulations are initialized with an electron-proton plasma, using the real mass ratio µ = mp/me = 1836,
in a double-periodic relativistic Harris equilibrium, which is described below in detail. Our investigation focuses on the effects
of varying ion magnetization σi (defined below); besides describing the setup below, we also relate the initial simulation
parameters to σi.
The fundamental aspects of the initial configuration are the reversing magnetic field and ambient (background) plasma.
To allow the use of easily-implemented periodic boundary conditions, it is convenient to simulate two field reversals (the
so-called double-periodic configuration). As is commonly done, we add a relativistic Harris current layer (Hoh 1966; Kirk
& Skjæraasen 2003)—a non-uniform, drifting plasma component—at each field reversal to provide current and pressure to
balance the reversing magnetic field.
The simulations are conducted in a 2D rectangular computational box with a regular Cartesian grid and periodic boundary
conditions in both directions. The initial double-reversing magnetic field configuration (cf. Figs. 2 and 3, top left panel), before
perturbation (described below), is:
Bx(y) =

B0 tanh
(y − ycs,2
δ
)
(upper layer)
−B0 tanh
(y − ycs,1
δ
)
(lower layer)
(1)
where B0 is the asymptotic upstream reconnecting magnetic field strength, ycs,1 and ycs,2 are the mid-planes of the lower and
upper current sheets where Bx(y) = 0, and δ is the initial layer half-thickness, determined to be consistent with the other
Harris sheet equilibrium parameters.
Thus, our coordinate system places x in the direction of the reconnecting magnetic field (the plasma outflow direction),
and y in the direction of reconnected magnetic field (the inflow direction, perpendicular to the current layers), with the
ignorable z-direction parallel to the initial Harris current. For simplicity, we limit this study to the case without a guide
magnetic field component (Bz = 0, initially). Also, unlike most previous double-periodic simulations, our present simulations
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Figure 1. The dependence of cold and hot magnetization parameters on σi (the ‘cold’ σ with respect to background ions). Circles mark
the values of σi for simulations described in this paper.
use a tall box, Ly = 2Lx (where Lx and Ly are the box sizes in the x- and y-directions, respectively) to reduce interactions
between the two layers.
In addition to the two concentrated Harris layers, which are described in more detail below, we initially fill the entire
box with a low-density uniform and stationary background plasma, described by non-drifting relativistic Maxwell-Ju¨ttner
electron and ion distributions with equal initial electron and ion densities, nbe,0 = nbi,0, and temperatures, Tbe = Tbi =
θbemec
2 = θbimic
2. We then characterize the fundamental reconnection setup through the relationships between the upstream
reconnecting magnetic field B0 and the parameters of this ambient background plasma. In particular, we use the initial electron
and ion ‘cold magnetizations’ σe = B
2
0/(4pinbe,0mec
2) and σi = B
2
0/(4pinbi,0mic
2) = σe/µ to relate the magnetic field energy
density B20/8pi to the background electron and ion densities, nbe,0 = nbi,0. In addition, we relate the background plasma
temperature to the upstream magnetizations: for all simulations presented here we have chosen θbe = σe/200, θbi = θbe/µ =
σi/200. These background density and temperature choices yield an initial upstream plasma β parameter of βup = βbe+βbi =
8pi(nbe,0Tbe + nbi,0Tbi)/B
2
0 = 4θbi/σi = 1/50 1, so the upstream region is magnetically dominated.
Because σemec
2 = σimic
2 is roughly the available magnetic energy per particle, the ‘cold’ magnetizations set the basic
scale for average particle energy gain during reconnection. It is convenient to define a corresponding length-scale ρc = σeρe0 =
σiρi0, where ρs0 ≡ msc2/(eB0) are nominal relativistic electron and ion Larmor radii; thus defined, ρc is the Larmor radius
of an ultrarelativistic electron with energy σemec
2 (or, if σi  1, of an ion with energy σimic2). The corresponding time-
scale is ω−1c = ρc/c = B0/(4pienbe,0c). Because the Larmor radius ρc and Larmor period of typical electrons (after being
energized by reconnection) scale with σi, simulation grid cell size and timestep are set basically proportional to σi, with small
adjustments as σi decreases (because the scale separation between electrons and ions becomes larger). We note that ρc can
also be interpreted as the half-thickness of the current sheet that balances (via Ampere’s Law) the jump in Bx equal to 2B0,
assuming the sheet has density nbe,0 and drift velocity czˆ. That is, a uniform electron current density of Je = enbe,0c in a layer
of total thickness 2ρc = 2σeρe0 = 2B0/(4pienbe,0) would support a magnetic field discontinuity ∆B = (4pi/c)Je(2ρc) = 2B0.
Linking the initial upstream temperature to σi has both advantages and disadvantages. Importantly, it helps to ensure that
our simulations are always properly resolved, namely, that the Debye length of the background plasma, λD,b ≡ [Tbe/4pi(nbe,0+
nbi,0)e
2]1/2 = ρc/20, does not become small compared to the grid cell size (which also scales with ρc—see below). However,
choosing θbe/σe = θbi/σi = 1/200 to avoid extreme resolution requirements has the drawback of limiting the maximum σhot.
The ‘hot’ σ with respect to electrons is defined as σe,hot = B
2
0/4piwbe where wbe is the relativistic enthalpy density of
background electrons; for ultrarelativistic electrons, wbe ≈ 4θbenbe,0mec2, and so σe,hot ≈ σe/4θbe = 50 in our simulations.
Thus σe,hot describes the ratio between the available magnetic energy and (roughly) the relativistic thermal energy (plus the
negligible electron rest-mass energy) in the upstream region; if σe,hot is not much larger than one, then typical electrons will
not gain significant energy compared to the average (thermal) energy they already have. For subrelativistic ions, however, the
rest mass dominates the relativistic enthalpy, and σi,hot ≈ σi. The total σhot includes the enthalpies of both electrons and
ions; for σi . 10, we have σhot ≈ σi,hot ≈ σi. Figure 1 shows how all these magnetization parameters vary with σi (given our
choice of initial background plasma temperature).
With the upstream parameters settled, we now turn to the description of the two initial relativistic Harris current
sheets that are introduced to balance the magnetic field reversals (Hoh 1966; Kirk & Skjæraasen 2003). We choose the
drifting electrons and ions to contribute equally to the initial layer pressure and to drift with equal but opposite speeds (in the
simulation, or ‘lab’ frame): for all simulations, the drift speed is βdriftc = 0.3c and the peak drift-to-background plasma density
ratios are nde,0/nbe,0 = ndi,0/nbi,0 = 5 (all densities are specified in the lab frame). The remaining Harris-layer parameters
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(layer half-thickness δ and co-moving temperatures Tde = Tdi = θdemec
2 = θdimic
2 of the relativistic Maxwell-Ju¨ttner
distributions) are determined by Ampere’s law [B0/δ = (4pi/c)e(nde,0 + ndi,0)βdriftc], and pressure balance [(nde,0θdeme +
ndi,0θdimi)c
2/γdrift = B
2
0/8pi]. This yields θdi = (γdrift/4)(nbe,0/nde,0)σi ≈ 0.05σi and δ = 2(θdi/γdriftβdrift)ρi0 = ρc/3. To be
consistent with the magnetic profile, the drift plasma density varies with y as nde(y) = ndi(y) = nde,0 cosh
−2[(y− ycs,`)/δ] for
layers ` = 1, 2.
To accelerate the onset of reconnection, we add a slight (1%) initial magnetic perturbation in the z-component of the
vector potential (magnetic flux function), so that the total initial vector potential is (e.g., for the lower layer)
Az =
[
1 + 0.01 cos
2pix
Lx
cos2
2pi(y − ycs,1)
Ly
]
B0δ
[
ln cosh
ycs,2 − ycs,1
2δ
− ln cosh y − ycs,1
δ
]
. (2)
This study focuses mainly on the dynamics, energetics, and kinetics (i.e., nonthermal particle acceleration) of electron-ion
magnetic reconnection as one transitions from the semirelativistic regime (nonrelativistic ions but ultrarelativistic electrons:
σi < 1, σe  1) to the fully ultrarelativistic regime (both ions and electrons being ultrarelativistic, σe  σi  1). To
accomplish this goal, we conduct an extensive parameter-space study with respect to the upstream ion magnetization σi,
specifically studying simulations with σi = 0.03, 0.1, 0.3, 1.0, 3.0, 10, 30, 100, 300, 10
4, for system size Lx = 120ρc.
As σi varies, the key initial energy-scales and length-scales—namely, Tbe = Tbi, Tde = Tdi, ρc, and δ—change in proportion
to σi, as described above. We note that the background electrons are always somewhat relativistic and usually very relativistic;
even for our lowest σi of 0.03, we have θbe ≈ 0.3, yielding an average kinetic energy nearly equal to the electron rest mass for
upstream electrons—and these electrons become significantly more relativistic as they enter the reconnection layer. Ions, on
the other hand, range from sub- to ultra-relativistic as σi increases.
Our main σi-comparison study is conducted using the same fiducial system size Lx = 120ρc, which is chosen to be as large
as possible while remaining computationally feasible. Thus, unless specifically stated otherwise, all results shown in this work
are for simulations with Lx = 120ρc. This size is sufficiently large that the number and total energy of initially-drifting particles
is small compared to background particles, and dynamical quantities, such as reconnection rate, are nearly independent of Lx.
In addition, however, in order to examine the extent to which these fiducial sizes reach the asymptotic ‘large-system regime,’
we explore the effects of varying Lx for two values of σi = 0.1, 1, over a range 20 ≤ Lx/ρc ≤ 160. The simulations run until
the magnetic energy essentially stops decreasing; for Lx = 120ρc, reconnection ends after roughly 4Lx/c for large σi and after
12Lx/c for σi = 0.1.
The discretization parameters of our simulations are as follows. The spatial resolution is represented by the ratio of grid
cell size ∆x = ∆y to the fundamental microphysical scale ρc, and the timestep is set just below the usual (2D) Courant-
Friedrichs-Lewy maximum stable step, ∆t = 0.99(∆x/c)/
√
2. For the system size Lx = 120ρc the resolution and number of
initial particles per cell (including all species) are set to be ∆x/ρc = 1/16 (256 particles per cell) for σi ≤ 0.3, ∆x/ρc = 1/20
(168 particles per cell) for σi = 1, 3, and ∆x/ρc = 1/24 (128 particles per cell) for σi ≥ 10.1
In this study we are able to adopt the real ion-to-electron rest-mass ratio, µ = mi/me = 1836, because relativistic effects
decrease the scale separation between electrons and ions. Essentially, the electron rest mass becomes irrelevant for highly
relativistic electrons; instead, the effective relativistic mass γeme, or equivalently the electron energy γemec
2, determines the
characteristic electron length-scales, such as the Larmor radius ρe ≈ γemec2/eB0. As we show in this study, both electrons
and ions on average gain comparable amounts of energy as a result of reconnection, of order σemec
2 = σimic
2. As long as
σi  1/µ and hence σe  1 (which is satisfied in our study), so that typical electrons are ultrarelativistic, the characteristic
electron Larmor radius is ρe ∼ σemec2/eB0 = σimic2/eB0 = ρc. At the same time, the characteristic ion Larmor radius scales
as ρi ∼
√
σi(2 + σi)mic
2/eB0 =
√
(2 + σi)/σi ρc. Thus the ion/electron scale separation, characterized by the ratio of the
Larmor radii, ρi/ρe ∼
√
(2 + σi)/σi, is independent of the rest-mass ratio µ and remains well below its nonrelativistic value
of
√
µ for σiµ  1. In particular, the scale separation scales as (2/σi)1/2 in the semirelativistic regime σi  1, diminishing
to ρi/ρe → 1 in the ultrarelativistic regime σi  1. Thus, the traditional challenge created by the large disparity between
electron and ion scales (in nonrelativistic reconnection) is greatly reduced, allowing us to use the mass ratio µ = 1836.
3 RESULTS—DYNAMICS OF RECONNECTION
3.1 Basic time evolution
The typical evolution of reconnection is described by sequences of snapshots in Figs. 2 and 3. These plots show magnetic
flux contours (i.e., in-plane magnetic field lines) superimposed on a colour map showing the out-of-plane total electric current
1 For the two largest simulations (σi = 0.1 and 1), Lx = 160ρc, computational feasibility led us to use ∆x/ρc = 16 (128 particles per
cell); because of their size and fewer particles, they experienced energy non-conservation greater than 1% (1.5% and 1.1%). For smaller
simulations we used the same resolution as for Lx = 120ρc, but increased the number of particles per cell purely to improve the statistics
of binning particles in energy distributions so that we could attribute, e.g., a high-energy cutoff (of an energy spectrum), to system size
and not to a probability becoming small compared to the inverse of the total number of particles in the simulation.
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Figure 2. (For σi = 0.1) In-plane magnetic field lines (green lines) and out-of-plane current density Jz (red/blue shading) at several
different times, expressed in 1/ωc and also in terms of light-crossing times Lx/c; The magnetic field starts with a small perturbation
(upper left) of reversing magnetic field and evolves through reconnection to a nearly steady state (lower right).
density Jz(x, y), at several simulation snapshots for two simulations, σi = 0.1 and σi = 10, both performed with our fiducial
size Lx = 120 ρc. Since the system is closed, the reconnection process is not stationary, and reconnection eventually ceases
as the system asymptotically approaches the relaxed end state. The initially long and thin Harris current layers (t = 0,
top left panel) that support the (slightly perturbed) reversing magnetic field Bx quickly become unstable to the tearing
instability, creating a chain of several first-generation, primary magnetic islands (plasmoids), clearly visible in the top centre
panel (for σi = 10 there are about seven primary plasmoids in the lower layer at t = 43/ωc). Subsequently, the plasmoids
undergo a complex and stochastic hierarchical evolution, as illustrated in Figs. 2 and 3. Secondary current sheets form between
the plasmoids; the plasmoids grow, fed by reconnection in the secondary current sheets and plasmoid mergers/coalescence;
meanwhile, new plasmoids form as a result of tearing instability in secondary current sheets. This process proceeds for a few
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Figure 3. For higher σi = 10 (compare to Fig. 2), the current layer is thinner (relative to ρc) and more plasmoids form during
reconnection. Anti-reconnection layers can be seen forming between merging plasmoids (e.g., lower middle plot, upper current layer,
x/ρc ≈ 37)
global light crossing times, until the free magnetic energy for reconnection is exhausted; eventually the number of plasmoids
decreases as they merge with each other, and the system reaches the final tearing-stable equilibrium state with just one large
magnetic island (plasmoid) and one significant X-point in each of the two initial layers (lower right panels of Figs. 2 and
3)—these final major X-points are relaxed, with separatrices crossing at nearly 90 degree angles.
In plasmoid-dominated reconnection, such as we see in this study, there typically exist, except at the end of reconnection,
more than one X- and O-point in each layer. It is useful to define the major X-point and O-point in each layer as the extrema
of the flux function; however, the major X-point is not necessarily the only or even the most active X-point in terms of the
reconnection electric field Ez at any given time (although it is usually one of the most active X-points). For example, if
we zoom-in on the lower layer, as in Fig. 4, the major O-point is immediately apparent (near x = 0), and there is another
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Figure 4. The combined number density of initially-drifting electrons and ions (normalized to the background electron density) in a
narrow region around the lower layer, for σi = 0.1 at tωc = 337. By this time, the initially-drifting particles have been almost entirely
swept up into the major plasmoid around x = 0, and are nearly absent from the region containing active X-points.
prominent O-point near x = 60ρc flanked by two prominent X-points; here (and in subsequent figures) we have drawn the
magnetic field line (separatrix) that goes directly through the major X-point (to the right of the minor O-point, at x ≈ 67ρc).
After the onset of reconnection the drifting particles in the initial Harris layers are quickly swept out of the initial X-points
and trapped around the major O-points, as shown in Fig. 4 at t = 337ω−1c ≈ 2.8Lx/c for σi = 0.1, where one can see that
even the prominent minor O-point contains no initially-drifting particles. Meanwhile, background particles that flow into the
layer are accelerated (near X-points, where Bx = By = 0) in the ±zˆ-direction by the reconnection electric field Ez to maintain
the current sheets supporting the Bx reversal. Figure 5 zooms-in on the background electron and ion currents and densities
in the region near the major (and also a prominent minor) X-point in the lower layer at tωc = 377 for σi = 0.1 (cf. Fig. 2,
upper right). With the initially-drifting particles already wrapped up in the major plasmoid, the background particles are
entirely responsible for subsequent secondary current sheets and plasmoids, such as in Fig. 5. In time, the small plasmoid at
the centre of Fig. 5 (and any other newly created plasmoids) will grow and merge with the major plasmoid, leaving a single
X-point and O-point in the layer as reconnection winds down.
The evolution of the basic energetics of the system is illustrated in Fig. 6, which shows different forms of energy—magnetic,
electric, and particle kinetic—as functions of time. Since the system is closed, the total energy in the box is conserved,2 as the
magnetic energy is converted to particle kinetic energy. The electric energy indicates the active reconnection phase, decaying
as the reconnection process slows down.
The reconnection process reduces the unreconnected magnetic flux (associated mostly with Bx) between the major X-
points in the two current layers, while increasing the reconnected flux (mostly By) between the major X- and O-points within
each layer. Mathematically, we define the full unreconnected flux Ψ(t) (which is twice the unreconnected flux per current
layer) as the total integrated magnetic flux between the two major X-points in the upper and lower layers (or, equivalently,
the difference in z-component of the vector electromagnetic potential at the two major X-points). Figure 7 (right-hand panel)
shows how Ψ(t) decays during reconnection, for several different σi.
Since our closed system does not allow steady-state reconnection forever, we analyse reconnection dynamics during the
period of ‘mid-reconnection’—after initial transients but long before the end of reconnection. Specifically, we define mid-
reconnection (shown between dashed lines in Fig. 8) as the time interval [t80%, t70%] such that Ψ(t80%) = 0.8 Ψ(0) and
Ψ(t70%) = 0.7 Ψ(0), i.e., starting when the unreconnected flux drops to 80% of its initial value and ending when it reaches
70%. Because of the aspect ratio Ly/Lx = 2, the final system state retains a band of unreconnected flux between the layers—
around 50% of the original unreconnected flux (Fig. 7, right)—and therefore mid-reconnection is approximately the middle
fifth of active reconnection (as measured by reconnected flux). The final state also retains about 60–70% of the initial magnetic
energy still in magnetic form (Fig. 7, left).
The reason why we define mid-reconnection in terms of the initial flux (rather than, e.g., half-way between initial and final
unreconnected flux) is that it is difficult determine the precise final value of unreconnected flux. At the end of each simulation,
a slow, relatively small-amplitude ‘breathing’ mode alternately reconnects and anti-reconnects magnetic flux between the
remaining X-point and O-point in each layer, resulting in a mild oscillation of unreconnected flux and magnetic energy.
2 The PIC algorithm does not conserve energy exactly, but does conserve it approximately; all the simulations presented here conserved
energy to better than 1% over the course of reconnection, except for the two Lx = 160ρc simulations, which experienced energy non-
conservation of 1.5% (σi = 0.1) and 1.0% (σi = 1).
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Figure 5. For σi = 0.1 and Lx = 120ρc, the above plots show the current (Jz) and number density for background electrons and ions,
in a narrow region (−6 < y/ρc < 6) around the right half of the lower layer at tωc = 337 (t ≈ 2.8Lx/c); at this time all the particles in
the original drifting layer are in the largest plasmoids (not shown here).
Determining precise final values would thus require running simulations for several extra light-crossing times to determine
the centre of the oscillation; to save computation time, we therefore use well-defined initial values to determine the mid-
reconnection time interval.
We emphasize that the fiducial system size Lx = 120ρc is large enough that most of the particles forming the initially-
drifting Harris sheet have been trapped around the major O-points by the beginning of mid-reconnection. This can be seen in
Fig. 4, a snapshot of the initially-drifting particle density at the beginning of the mid-reconnection interval for σi = 0.1, namely
t = 337ω−1c . Therefore, we believe that, during and after the period of mid-reconnection, X-point and plasmoid dynamics
(except when involving the major plasmoid) are controlled primarily by the upstream (background) environment, and are
much less influenced by the initial Harris sheets.
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shows the corresponding normalized reconnection rate Ez(t)/B0, with a horizontal red line indicating the average value βrec over the
mid-reconnection period.
MNRAS 000, 1–30 (0000)
Relativistic electron-ion reconnection 11
10-1 100 101 102 103 104
σi =B
2
0 /4pinbimic
2
0.00
0.02
0.04
0.06
0.08
0.10
0.12
βrecc/VA
βrec
Figure 9. The dimensionless reconnection rate versus σi (blue, solid line), normalized by the relativistic Alfve´n velocity (red, dashed).
Each data point represents a separate simulation.
3.2 Rate of reconnection
One of the main quantities of interest in any reconnection study is the reconnection rate, a measure of how rapidly the magnetic
flux is transferred from the upstream (unreconnected) region to the downstream (reconnected) region and, correspondingly,
how rapidly the available magnetic energy is converted into plasma energy. The instantaneous reconnection rate is essentially
the time derivative of the unreconnected flux Ψ(t) between the two layers (times −1/2 because reconnection proceeds in both
layers and we want the rate to be defined as a positive quantity). The corresponding dimensionless instantaneous reconnection
rate is then −(1/2B0c) dΨ/dt. However, dΨ/dt exhibits both a complex chaotic short-time behaviour due to multiple X-
points and plasmoid dynamics, and a secular long-time behaviour due the exhaustion of the unreconnected magnetic flux
and magnetic free energy (see Fig. 8, right panel). Therefore, constructing a robust and simple measure of reconnection rate
requires some care; in this paper, we characterize ‘the’ dimensionless reconnection rate for a given simulation as the normalized
time-average 〈−dΨ(t)/dt〉/(2cB0) during the mid-reconnection interval: βrec = (1/2B0c)[Ψ(t80%)−Ψ(t70%)]/(t70%−t80%). This
reconnection rate corresponds to a reconnection inflow velocity of vrec = βrecc and a reconnection electric field Erec = βrecB0;
with Yee finite-difference electromagnetics (Yee 1966), dΨ/dt is exactly equivalent to the sum of out-of-plane electric fields
at the two major X-points (by Faraday’s Law), and so Erec is the average electric field Ez at the major X-points during
mid-reconnection.
With this characterization of the dimensionless reconnection rate βrec, we can see how βrec depends on various input
parameters of the reconnecting system—most importantly, on σi, as shown in Fig. 9. We find that βrec grows with σi for
σi . 10, while approaching a finite asymptotic value ∼ 0.1 in the ultrarelativistic-ion limit σi  1. The latter is broadly
consistent with the results of previous studies of ultrarelativistic reconnection in both pair and electron-ion plasmas (Sironi
& Spitkovsky 2014; Guo et al. 2014, 2015; Melzani et al. 2014a). However, our results also show that the variation of βrec in
the semirelativistic (small σi) regime can be attributed almost entirely to the scaling of the upstream relativistic Alfve´n speed
VA = cσ
1/2
hot/(1+σhot)
1/2 ≈ cσ1/2i /(1+σi)1/2 with σi (cf. Melzani et al. 2014a). That is, if one normalizes the reconnection inflow
velocity vrec = cβrec by the Alfve´n speed rather than by the speed of light, and correspondingly normalizes the reconnection
electric field by VAB0/c, then the result becomes essentially independent of σi. This properly normalized average reconnection
rate, βrec,A ≡ cβrec/VA, varies only modestly across the physical regimes of interest, namely, within the range from about 0.07
to 0.12 (i.e., within about 50%), over a broad range of σi spanning more than 3 orders of magnitude (see Fig. 9).
We also find that the reconnection rate has a weak dependence on the system size Lx for small Lx, but becomes independent
of Lx for Lx & 80ρc, as demonstrated by Fig. 10. The slightly higher reconnection rate for small systems may be due to the
residual effects of the initial Harris current sheets. Figure 10 also shows the statistical variation of the reconnection rate
in different simulations with the same Lx and σi which can be attributed to the stochastic behaviour of plasmoids. Larger
systems yield more consistent reconnection rates by virtue of averaging over longer times (over more X-points and plasmoids);
for Lx = 120ρc measurements of βrec have an estimated statistical uncertainty on the order of 10%.
3.3 Plasma flows
To connect our kinetic simulations with fluid/MHD descriptions of reconnection, we calculated fluid flows locally within each
simulation cell (except for high-σi runs, where we used higher grid resolution and fewer particles per cell, and consequently
measured flows in 2×2-cell volumes). We analysed background-particle flows, in a narrow region encompassing 30 < x/ρc < 90
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Figure 10. The dimensionless reconnection rate βrec versus system size Lx, for σi = 0.1 and 1. Each data point represents a separate
simulation.
and −6 < y/ρc < 6, and containing the active X-points; as previously noted, the initially-drifting particles are almost entirely
absent from this region after the initial stages of reconnection. While the nonrelativistic ion flows can be described simply
by the average velocity, the electron flows are relativistic and require more care. We characterized the electron flows in three
different ways: the average three-velocity 〈v〉 or Eckart flow velocity; the Landau flow velocity; and the average four-velocity
〈u〉 = 〈γv〉. The Eckart flow reflects the boost to the local rest frame in which the net particle current vanishes; it is thus
directly related to the electric current. In contrast, the Landau flow velocity boosts to the frame in which the net momentum
vanishes. Finally, the average four-velocity, which does not generally satisfy 〈u〉 = 〈v〉/√1− 〈v〉2/c2, yields a completely
different result, which meaningfully characterizes the energy and motion of high-energy particles, but cannot be said to
represent a bulk fluid flow in the usual sense. The average four-velocity can be calculated straightforwardly, as can the average
three-velocity, which provides the boost to the Eckart (zero net current) frame. The Landau frame, however, is more difficult
to calculate, involving the entire 4×4 stress-energy tensor (see Appendix A); in our simulations, we find that the Landau flow
closely resembles the Eckart flow, and both these quantities differ greatly from the average four-velocity 〈u〉. Figure 11, 12, and
13 show snapshots of different components of the electron and ion fluid flows during mid-reconnection, namely at tωc = 337
for the semirelativistic case σi = 0.1.
Figures 11 and 13 demonstrate a general inflow (in the ±y-directions) into X-points and outflow (in the ±x-directions)
towards O-points as flux reconnects, as well as flows in the z-direction consistent with the magnetic field discontinuity, in
opposite directions for electrons and ions. The electron and ion flows are (for σi . 1) qualitatively quite similar to plasma
flows found in nonrelativistic reconnection.
The three-velocity electron flows in the reconnection plane, 〈vx,be〉 and 〈vy,be〉, shown in Figs. 11(a) and (b), reflect the
general inflow (in y) and outflow (in x), but furthermore show, as in nonrelativistic reconnection, diagonal inflow (nearly) along
magnetic separatrices towards X-points. As the magnetic field weakens just upstream of the X-points, where reconnection
happens, field lines become farther apart; because electrons are still attached to field lines until very near the X-points, the
electron density decreases with the spread of field lines, but is replenished by the diagonal inflow parallel to the field lines
(Uzdensky & Kulsrud 2006). The out-of-plane (〈vz,be〉) electron flow [Fig. 11(c)] is strongest in the current layer close to
the X-points, where it generates the current Jz corresponding to the reversing Bx across the layer. Interestingly, one can
see, comparing Figs. 11(a) and (c) within the electron current layer for 43 < x/ρc < 50, that the electron outflow in the
−x-direction can wrap around reconnected magnetic field By to produce a small patch of electron flow in the +z -direction
[opposite the predominating current in the layer, cf. Biskamp (1994)].
Figure 12 displays electron four-velocities for σi = 0.1, with panel (a) showing the x-component of the Landau flow
uLandau/c. This mildly relativistic outflow is notable because it is somewhat relativistic, even though σhot  1; however, it is
also notable that, in agreement with Lyubarsky (2005), the bulk fluid flow is not highly relativistic, even though σe = µσi  1
and, as shown in Fig. 12(c), the average four-velocity is highly relativistic. Panels (b) and (d) show that the flows in the
z-direction are weaker, but of similar magnitude to those in the x-direction. We have examined the average four-velocity in
outflows for simulations with larger σi and found 〈ux〉 ∼ σe; this is not surprising given a mildly directional flow involving
particles with energies scaling as ∼ σe. At the same time, the Landau (and Eckart) flow velocities continue to be mildly
relativistic, despite very large 〈u〉 ∼ σe and σhot  1; for example, uLandau,x/c reaches only ∼ 6 for σi = 104 and σhot ≈ 25.
Because the electrons—themselves highly relativistic as indicated by 〈u〉—do not travel in precisely the same direction, the
fluid electron flow is only mildly relativistic.
Figure 13 shows (subrelativistic) ion fluid velocities. Typical ion inflow speeds (upstream of the X-points) are similar
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Figure 11. Bulk (Eckart) flow three-velocities of background electrons for σi = 0.1 and tωc = 337.
to electrons’, while the ion outflow speeds are smaller than electrons’; the ion outflow channel is broader than the electron
outflow. Unlike electrons, ions are less magnetized near X-points, and Fig. 13(b) correspondingly shows ions crossing field
lines to go from upstream to downstream regions, short-circuiting the X-point. Just as in nonrelativistic reconnection, the
differences between electron and ion flow patterns lead to the Hall effect quadrupolar out-of-plane magnetic field, which we
discuss in the next section. Like the out-of-plane electron flow, the out-of-plane ion flow [Fig. 13(c)] creates a current that
supports the reversing magnetic field; while the ion current density is roughly 10 times less than the electron current density,
the ion current layer is about 10 times thicker for σi = 0.1 (see Fig. 14), so both electrons and ions contribute comparable
amounts to the total integrated current. In general, we find that the dependence of the ion layer thickness on σi is reasonably
well fitted by δi ' (ρc/6) (1 + 30/σi)1/2, as shown in Fig. 14, i.e., scaling approximately with the expected average ion Larmor
radius.
Examining the current layers (after the initially-drifting particles have ceased to contribute), as in Fig. 5, shows that the
electron current layer is (for σi = 0.1) much thinner (in the y-direction) than the ion current layer, just as in nonrelativistic
reconnection; this is not surprising because ions have larger Larmor radii and skin depth than electrons. The difference in
current-layer thickness is shown versus σi in Fig. 14, which plots the full width at half-maximum (FWHM) of Jze(y) and
Jzi(y) at (the x-position of) the major X-point at several times during the mid-reconnection interval. Although the major
X-point and the current-layer thickness fluctuate with time as indicated by the spread of points in Fig. 14, some general
trends are clear. The electron current layer thickness is roughly constant around ρc/6, although it does increase a bit (by
∼50%) at small σi. The ion current-layer thickness, on the other hand, increases significantly with decreasing σi, roughly as
(ρc/6)
√
1 + 30/σi. The disparity in current-layer thicknesses is strong for small σi, and disappears at larger σi as ions become
highly relativistic. Figure 14 also shows that the cell size is sufficiently small to resolve the layer thickness.
MNRAS 000, 1–30 (0000)
14 G. R. Werner et al
(a)
−6
−4
−2
0
2
4
6
y/
ρ
c
uLandau,x,be/c
−5.0
−2.5
0.0
2.5
5.0
(b)
−6
−4
−2
0
2
4
6
y/
ρ
c
uLandau,z,be/c
−5.0
−2.5
0.0
2.5
5.0
(c)
−6
−4
−2
0
2
4
6
y/
ρ
c
〈
ux,be/c
〉
−30
−15
0
15
30
(d)
30 40 50 60 70 80 90
x/ρc
−6
−4
−2
0
2
4
6
y/
ρ
c
〈
uz,be/c
〉
−30
−15
0
15
30
Figure 12. Bulk Landau and average four-velocities (x-and z-components) of background electrons for σi = 0.1 and tωc = 337 (y-
velocities are not very relativistic).
3.4 Two-fluid/Hall effect signatures
An important feature in electron-ion plasma reconnection is the Hall effect, which has received much attention in nonrelativistic
reconnection studies (Sonnerup 1979; Terasawa 1983; Shay et al. 1998; Birn et al. 2001; Rogers et al. 2001; Wang et al. 2000;
Ren et al. 2005; Uzdensky & Kulsrud 2006), and has also been observed in relativistic electron-ion reconnection in Melzani et al.
(2014a). The Hall effect arises from the different behaviours of electrons and ions at intermediate length-scales between electron
and ion kinetic scales. The hallmark signatures of the Hall effect in reconnection are the emergence of a quadrupolar pattern of
out-of-plane magnetic field (Bz) concentrated along the separatrices near an X-point, and the corresponding development of a
dipolar in-plane potential electric field. We expect to see these signatures for small σi, where ion and electron length-scales are
quite disparate; on the other hand, the Hall effect signatures must disappear as σi increases into the ultrarelativistic regime
(as in pair reconnection, where the equal masses of positive and negative charges preclude any Hall effect). In the following
we will show results confirming this expectation and investigate the decline of the Hall effect signatures as σi increases.
As shown in §3.3, the scale separation between ions and electrons (when σi is small) leads to different ion and electron
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Figure 13. Bulk flow velocities of background ions, for σi = 0.1 and tωc = 337.
flows: electrons flow inward along the magnetic separatrix nearly to the X-point before crossing the separatrix to the outflow,
while ions (with their larger Larmor radii) can cross the separatrix farther from the X-point. The decoupled flows create a
net electric current in the xy reconnection plane, which generates a quadrupolar Bz magnetic field around each X-point (e.g.,
Fig. 15, top): Bz > 0 to the upper left and lower right of an X-point, and Bz < 0 to the lower left and upper right—this
pattern is independent of whether the main current layer has Jz > 0 or Jz < 0, as expected (e.g., Sonnerup 1979; Terasawa
1983). This Bz appears prominently around the major X-point for σi = 0.1 in Fig. 15 (top), but it is much weaker for σi = 10
(Fig. 15, bottom). Similar to the work of Melzani et al. (2014a), which recorded Bz around X-points at the level of 1–10% of
B0, we observe Bz around X-points at strengths Bz ≈ 0.2B0 for σi = 0.1 down to Bz ≈ 0.05B0 for σi = 10, etc. We further
observe, however, that Bz is typically stronger around O-points than X-points, approaching levels around one-half B0.
With our systematic exploration across a range of σi, we have been able to show the effect of σi on the out-of-plane Hall
magnetic field Bz. A rough global measure of the strength of the Hall effect (in antiparallel reconnection, with no initial guide
field) is simply the magnetic field energy associated with Bz (normalized to B0), i.e.,
∫
B2zdV/
∫
B20dV , where the integrals
are carried out over the entire simulation domain. Figure 16 shows the magnetic energy fraction in Bz versus time for a range
of σi, for simulations with the same box size relative to ρc (i.e., Lx = 120ρc). The fraction of energy in Bz has a complicated
relationship with the quadrupole field surrounding X-points, due to persistence of the Bz magnetic flux in magnetic islands;
however, it is clear that this measure is distinctly different for low and high σi, peaking at much higher values for low σi
before decaying.
Interestingly, the Bz field generated by the differing electron and ion flows near X-points does not simply disappear away
from the X-points, but seems to be carried by the plasma outflow into and around magnetic islands. There it sets up a complex
pattern of alternating Bz-field that survives for a long time within the major island. Figure 17 shows Bz at several different
times for a simulation with σi = 0.1 and Lx = 120ρc. As the main plasmoid grows, Bz appears strong around the edges,
while Bz closer to the core decays. We believe this pattern, in a large plasmoid, may contain a sort of record of the plasmoid’s
history of accumulating outflows and merging with other plasmoids. Thus, the plasmoids are not simply dull, boring rings of
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Figure 14. The electron and ion current-layer thicknesses [e.g., the FWHM of Jz(y)], normalized to ρc, at the major X-point at several
times spaced throughout the mid-reconnection interval, along with simple, empirical fits. The simulation cell size ∆x (normalized to ρc)
is shown (by the black bars) to be significantly smaller than the layer thicknesses.
magnetic field with plasma, but rather are interesting objects by themselves, with a nontrivial and complex internal structure;
however, the more thorough investigation they deserve is beyond the scope of this work, and is therefore left for a future
study.
Another important signature of the Hall effect in reconnection is the emergence of an in-plane electrostatic electric field,
Ex and Ey. The decoupling of electrons and ions leads to charge separation, which can be characterized by the electrostatic
potential Φ related to the net charge density ρ via −∇2Φ = 4piρ. As seen in Fig. 18, the potential remains near zero in most of
the upstream region, decreasing towards X-points, and then further decreasing towards O-points; the deepest potential wells
are located near plasmoid centres (these wells have a net negative charge, attracting ions). A qualitatively similar in-plane
potential has been observed in laboratory reconnection experiments (Yoo et al. 2013). The electrostatic field can therefore
act to accelerate ions crossing from the upstream inflow to the outflows into plasmoids. We can quantify this electrostatic
potential by measuring the potential difference between the upstream region and the major X- and O-points (Fig. 19); at low
σi  1, these potential differences (normalized to σimic2) are fairly constant; they increase with σi until σi ∼ 100 when they
decrease as the electron and ion Larmor radii become asymptotically equivalent and the Hall effect disappears.
4 RESULTS—ENERGETICS AND NONTHERMAL PARTICLE ACCELERATION
4.1 Energy partition
An important issue in reconnection research is the partitioning of released magnetic energy into various forms, including the
division between electrons and ions. In our simulation setup (the box aspect ratio Ly/Lx = 2 and size Lx = 120ρc) about
30%–40% of the initial magnetic energy is converted during reconnection into particle kinetic energy (Fig. 7, left); the precise
amount of magnetic dissipation depends weakly on σi, with about 29% of the magnetic energy being dissipated for σi = 0.03,
35% for σi = 1, increasing to approximately 41% in the ultrarelativistic limit. Almost all the released in-plane (xy) magnetic
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Figure 15. The out-of-plane magnetic field Bz/B0 for σi = 0.1 (top) at tωc = 673 shows the Hall quadrupolar field around the major
X-point at x/ρc ≈ 63; (bottom) the Hall effect is much weaker for σi = 10 (tωc = 175). In-plane magnetic field lines are shown in white.
energy goes to particles, with a comparatively small amount going to electric and out-of-plane magnetic field. The partitioning
of released energy between electrons and ions is of great astrophysical importance because electrons are much more efficient
radiators than ions, and so only the energy transferred to electrons may have direct observational consequences. Knowing the
partition is therefore an important step in estimating the energy budgets of astrophysical phenomena, based on intensity of
observed radiation from, e.g., systems like black-hole-powered (blazar) jets and accreting black hole coronae (e.g., Rees et al.
1982; Rees 1984).
Our simulations are sufficiently large that over 90% of the dissipated magnetic energy goes to background particles, with
less than 10% absorbed by initially-drifting particles in the Harris sheets. Ions (collectively) gain more energy than electrons,
although the difference disappears as σi increases, so that the scale separation between electrons and ions becomes negligible
(Fig. 20). As σi is lowered, transitioning into the semirelativistic regime, the ion-to-electron energy gain ratio increases (hence
the electron heating fraction qe decreases). However, we find that this ratio does not continue to increase indefinitely as
σi drops well below 1, but levels out, with ions gaining about three times as much energy as electrons in our lowest-σi
runs (σi = 0.03, 0.1). It is interesting to note that this asymptotic ratio is similar to what has been seen in nonrelativistic
reconnection: the ratio of ion-to-electron energy gain has been found to be ' 2 in MRX laboratory experiments (Yamada
et al. 2014); PIC simulations have yielded ratios around 1.4–2.6 (Yamada et al. 2015; Haggerty et al. 2015); and spacecraft
observations in Earth’s magnetotail yielded values around 1.6–2.7 (Eastwood et al. 2013). Observations of reconnection with
asymmetric upstream plasma conditions in Earth’s magnetopause reported higher ion-to-electron energy gain ratios from 3
to about 15, with an average around 8 (Phan et al. 2013, 2014); however, the ion/electron energy partition was shown to be
sensitive to the upstream temperature ratio Te/Ti (Haggerty et al. 2015), and perhaps this sensitivity extends to differing
upstream temperatures in asymmetric reconnection. In addition, we note that in the very early stages of low-σi simulation,
background electrons (collectively) gain energy faster than background ions; as the simulation proceeds, the ions’ energy gains
overtake the electrons’.
Overall, we find that the electron fraction of the dissipated magnetic energy is well fitted across all our simulations by
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Figure 16. The magnetic energy fraction stored in the out-of-plane magnetic field Bz (normalized to B20/8pi times the simulation
volume) versus time for several σi (with vertical bars to delineate the mid-reconnection interval for each case): as σi increases, the scale
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Figure 17. The out-of-plane magnetic field Bz/B0 for σi = 0.1 at three different times shows how the Hall quadrupolar field gets
wrapped up in magnetic islands; for comparison (lower right), the case of σi = 300, where the Hall field is almost entirely absent, but a
spontaneous Bz still develops within magnetic islands.
the simple, empirical formula
qe =
1
4
(
1 +
√
σi/5
2 + σi/5
)
. (3)
This electron heating fraction, as a function of σi, may potentially serve as a physically motivated prescription for calculating
radiative signatures of small-scale reconnection in global MHD simulations of black holes (e.g., Ressler et al. 2015).
4.2 Particle energy spectra
One of the main results of our simulations is the computation of energy spectra of particles accelerated during reconnection,
which relate closely to observable (synchrotron and inverse Compton) radiation spectra. As perhaps the most astrophysically
important question in relativistic pair reconnection—due to its bearing on whether magnetic reconnection can explain observed
high-energy radiation—nonthermal acceleration in relativistic pair-plasma reconnection has been much studied (Zenitani &
Hoshino 2001, 2005, 2007, 2008; Larrabee et al. 2003; Jaroschek et al. 2004; Lyubarsky & Liverts 2008; Liu et al. 2011; Cerutti
et al. 2012a,b, 2013, 2014b) with computational advances allowing clearer identification of the existence of nonthermal power-
law energy spectra in more recent studies (Sironi & Spitkovsky 2014; Guo et al. 2014, 2015; Werner et al. 2016). Nonthermal
acceleration in relativistic electron-ion reconnection has thus far received less attention (Werner et al. 2013; Melzani et al.
2014b; Sironi et al. 2015; Guo et al. 2016); here we show that nonthermal particle acceleration occurs for semirelativistic
electron-ion reconnection as well, and characterize the non-thermal power-law electron spectra.
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Figure 18. A snapshot of the electrostatic potential (satisfying −∇2Φ = 4piρ) at a time during mid-reconnection for σi = 0.1.
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Figure 19. The electrostatic potential difference between upstream and the major X- and O-points (averaged over mid-reconnection)
versus σi.
Figure 21 shows electron and ion energy spectra f(ε) (compensated by a factor ε) for the case of σi = 0.1 at equally
spaced times during the simulation; here ε = (γ − 1)mc2 is the particle kinetic energy (without the rest-mass energy). The
spectra evolve from an initial Maxwellian to nonthermal/non-Maxwellian spectra (plus a remnant of the initial Maxwellian).
The final spectra for many different σi can be compared in Fig. 22. In each case (with the possible exception of σi = 0.03)
a power law can be identified in the high-energy part of the electron spectrum (well above the average electron energy). We
have not yet determined how to characterize the ion spectra for low σi, but focus instead on electrons as the primary emitters
of observable radiation. Other interesting aspects of particle acceleration in relativistic reconnection, such as the asymptotic
dependence on system size Lx (Werner et al. 2016; Guo et al. 2015), ion acceleration (Melzani et al. 2014b; Guo et al. 2016),
angular distributions (Cerutti et al. 2012b; Kagan et al. 2016), acceleration mechanisms (Guo et al. 2014, 2015; Nalewajko
et al. 2015), etc., are left for future studies.
In contrast to our previous pair-reconnection work (Werner et al. 2016), where the high-energy parts of the electron energy
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Figure 20. The final energy partition between background electrons and ions, versus σi.
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Figure 21. Time evolution of the (a) electron and (b) ion energy distributions, f(ε) (compensated by ε) for σi = 0.1.
spectra were well fitted by a power law times an exponential or super-exponential cutoff, the electron high-energy cutoffs in the
present study are not well fitted by either exponential or super-exponential forms (nor a combination of both). This difference
likely results from the somewhat different simulation parameters. Therefore we developed a new, more robust technique that
finds a best-fitting power law f(ε) ∼ ε−p by identifying the longest section of the spectrum with nearly-constant logarithmic
slope p(ε) ≡ −d log f/d log ε; once a power law is fit over that section, we identify the high-energy cutoff εc as the energy where
the actual f(ε) equals e−1 times the pure power-law fit. The details of the fitting procedure are described in Appendix B.
Because the fitting procedure depends on a few somewhat arbitrary parameters, such as the criterion for the slope to be
‘nearly-constant,’ we performed multiple fits with different sets of such ‘under-the-hood’ parameters for each run and display
the median results; when all fits yield similar results, we judge the procedure to be robust, and characterize this robustness
with ‘error’ bars that encompass the middle 68% of the fits. However (as will be shown below in Fig. 26), the statistical
simulation-to-simulation variation (for runs with the same σi and Lx) is generally larger than the fitting uncertainty; e.g., for
Lx = 120ρc, p can vary over a range of roughly ±10–20%, and εc over a factor of 2 or more.
At multiple snapshots in time, we analyse all background electrons in the simulation, keeping in mind that (especially for
our aspect ratio, Ly/Lx = 2) at any time, a substantial number remain in the upstream region without having been energized
by reconnection. The time dependence of power-law index and high-energy cutoff is shown in Fig. 23 for two runs, σi = 0.1
and 1. One can see that the index and cutoff reach levels close to their final values well before reconnection slows down due
to the exhaustion of magnetic free energy; we take the final values at the end of reconnection to be the representative values
of p and εc for each simulation.
Figure 24 shows the variation in the electron power-law index p with σi; for some values of σi, more than one simulation
(identical except for random initial particle velocities) were run to gauge statistical variations in the power-law index. We find
empirically that, for the range of σi studied, p can be approximated by the simple formula (which hopefully may find useful
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Figure 22. Electron and ion particle energy distributions (at the end of reconnection) for a range of σi from 0.03 (upper left) to
30 (lower right) versus energy per particle; black lines indicate the slope corresponding to the fitted power-law indices of the electron
distributions.
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Figure 23. The power-law index p (blue) and the normalized high-energy cutoff εc/(σemec2) (red) of the electron distribution, graphed
versus time, for σi = 0.1 and σi = 1, with the surrounding shaded regions indicating uncertainty in the fitting procedure. For comparison,
the green dashed line shows the magnetic energy dissipated (arb. units).
applications for astrophysical modelling, see §5)
p(σi) ≈ 1.9 + 0.7/√σi . (4)
For large σi, where electron-ion reconnection should be identical to electron-positron reconnection, p approaches a value
around 1.9, consistent with previous studies of pair-plasma reconnection. For these simulations, by virtue of our initial setup,
σhot → 25 as σi →∞; a much larger σhot would yield p closer to 1 than 2 (Guo et al. 2014, 2015; Werner et al. 2016). In the
semirelativistic regime we find p varying between 2 and 4 as σi decreases from about 10 to 0.1, reaching a value between 2.5
and 3 at σi = 1. For σi < 0.1 we have only one simulation, σi = 0.03, and its power law appears steeper than for σi = 0.1;
however, the steepness makes it hard to measure the index p with much confidence.
We note that the σ
−1/2
i scaling of the electron power-law index in the semirelativistic (small-σi) limit, expressed by
Equation 4, can be understood within the framework of stochastic second-order Fermi acceleration of ultrarelativistic electrons
bouncing back and forth between plasmoids moving randomly along the reconnection layer. Denoting the typical separation
between plasmoids in the plasmoid chain as λpl and the typical plasmoid speed as vpl (expected to be of order VA and hence c
in the semirelativistic regime), we can estimate the average particle energy gain per bounce as ∆ε ∼ (vpl/c)2ε. The typical time
between bounces is simply ∆tb ∼ λpl/c, resulting in an effective acceleration time-scale of tacc = ε∆tb/∆ε = const · cλpl/v2pl.
Thus, a typical energetic electron, bouncing between two plasmoids large enough to contain it, undergoes random-walk
diffusion in energy space until the two plasmoids come together and merge. The particle then ‘escapes’ from the interplasmoid
acceleration region, e.g., by becoming trapped inside the merged plasmoid, with a typical ‘escape time’ that can be estimated
simply as the characteristic time for two plasmoids to approach each other, tesc ∼ λpl/vpl (omitting factors of order unity).
Thus, the second-order Fermi power-law index should scale as p = 1 + tacc/tesc = 1 + const c/vpl. Since vpl ' VA ≈ cσ1/2i in
the σi  1 regime, we see that the power-law index has a σi dependence of the general form p = 1 + Cσ−1/2i , where C is a
constant of order unity, consistent with our numerical findings.
The high-energy cutoff εc depends mostly on σi (Fig. 25); as σi varies over more than 3 orders of magnitude, the cutoff
energy scales as an O(1) prefactor times µσi = σe, or roughly εc ≈ 4σemec2. In the ultrarelativistic limit, the prefactor in
this study is roughly twice that found in Werner et al. (2016); the difference may be due to different simulations setups. The
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Figure 24. The power-law index p versus σi, for electron energy spectra at the end of reconnection; error bars showing the robustness
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Figure 25. εc versus σi. The error bars show variation due to different choices of parameters used to fit the power law and cutoffs.
Results for σi = 0.03 are not shown because of the high uncertainty in the power-law index.
normalized cutoff energy εc/σemec
2 rises slowly with σi in the semirelativistic regime, from around 2.5 to 4 or 4.5 as σi goes
from 0.1 to 10.
Due to random fluctuations from simulation to simulation and the challenges of making precise measurements, as well as
the difficulty of identifying convergence in the limit Lx →∞, we have not been able to conclude with confidence whether the
computed power-law indices and cutoff energies are truly independent of Lx for Lx > 120ρc. We have specifically examined
the Lx dependence of indices and cutoffs for the cases of σi = 0.1 and σi = 1 by extending our studies to Lx = 160ρc
for these cases, as shown in Fig. 26. First, however, we note that our system size Lx = 120ρc is already squarely in the
large-system regime described by Werner et al. (2016) (for electron-positron reconnection in simulations with aspect ratio
Ly/Lx = 1, the critical system size separating small- and large-system regimes, in the language of this paper, is reached when
Lx equals Lc = 20σeρe0 = 20σiρi0). Indeed, the σi = 1 case yields an index and cutoff that look quite independent of Lx
for Lx & 40σiρi0. It is much less clear whether the σi = 0.1 simulation has converged with respect to Lx, although the trend
suggests that p & 4 for larger Lx, and we suspect, based on the convergence of p(σi = 1) with Lx and the apparent agreement
between Lx = 120 ρc and Lx = 160 ρc, that p may near its asymptotic limit at Lx & 120σiρi0. That said, establishing an
asymptotic limit is always difficult, especially since the computational resources needed to perform a (2D) simulation scale as
L3x (with our explicit algorithms), preventing us from exploring much larger Lx.
The ion spectra fi(ε) generally appear nonthermal, but exhibit obvious power laws only in the ultrarelativistic regime
(Fig. 22). For σi > 10, the ion spectra show nonthermal power laws that closely match the electron spectra at high energies;
however, for σi . 10 the ion spectra have a hard slope p ≈ 1 (which appears horizontal in the compensated spectra of
Fig. 22) that emerges immediately out of the cold (upstream) Maxwellian distribution and extends only to medium energies.
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Figure 26. The power-law index p (left-hand panel) and cutoff energy εc (right-hand panel) versus system size Lx for electrons; each
data point represents a separate simulation. (The error bars representing uncertainty of fit are left off these plots because, except for the
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While not a really convincing power law, fi(ε) in this region is flatter and broader than a Maxwellian (compare, e.g., the
Maxwellian t = 0 ion spectrum with late-time spectra in Fig. 21). At energies well below the electron cutoff energy, the
ion spectra turn significantly downward, although—at these high energies—there are always more ions than electrons at the
same energy (consistent with the fact that ions collectively gain more energy than electrons). We note that the ion spectra—
even if described by power laws—might be expected to show a break around ε ∼ mic2 ≈ 103 MeV, where protons become
transrelativistic. Indeed, the hard p ≈ 1 slope never extends beyond 103 MeV (most notably for σi = 3 in Fig. 22).
In summary, both electrons and ions are accelerated to nonthermal energy distributions, with the electron spectra forming
pronounced power laws at high energies. The electron power-law index p becomes steeper as σi decreases, and extends to
a cutoff energy εc ∼ σemec2. In the ultrarelativistic limit, electron and ion spectra become similar, with a power-law slope
p ≈ 1.9 that may depend on σe,hot ≈ 2σhot, which is 50 for this investigation. We know from electron-positron reconnection
studies (Sironi & Spitkovsky 2014; Guo et al. 2015; Werner et al. 2016) that in the ultrarelativistic limit a smaller σe,hot results
in a larger/steeper power-law index p; however, in the pair case, small σe,hot means that electrons do not get accelerated very
much (compared to their initial thermal energy). In contrast, electron-ion reconnection can (e.g., for σi ≈ 1) yield steeper slopes
p > 2 while maintaining σe,hot  1 (allowing significant electron acceleration). The ion spectra are harder to characterize,
but at high energies there are more ions than electrons with any given energy.
5 ASTROPHYSICAL IMPLICATIONS
The results obtained in this paper are relevant to a number of astrophysical systems, including accretion disc coronae (ADC)
and blazar jets, which are composed of electron-ion plasma likely undergoing reconnection in the semirelativistic regime.
The hard X-ray spectra of ADC in black-hole X-ray binaries in the high-soft (HS) and steep power law (SPL) states often
exhibit relatively steep power-law tails that have spectral indices α ≡ −d lnFν/d ln ν ≈ 1.5 and extend to well beyond 1 MeV
(Remillard & McClintock 2006; Done et al. 2007). This high-energy radiation is generally believed to be produced by inverse
Compton (IC) scattering of soft X-ray seed photons coming from the accretion disc by a nonthermal population of highly
relativistic coronal electrons with an inferred power-law index p = 2α+ 1 ≈ 4.
Blazars often feature double-humped broad-band spectral energy distributions (SEDs) attributed to synchrotron radiation
(lower-energy component) and IC scattering (higher-energy component). There are two main spectral classes of blazars: flat-
spectrum radio quasars (FSRQs) with synchrotron peaks in the far-infrared range and IC peaks in the MeV range; and
high-frequency peaked BL Lacs (HBLs) with synchrotron peaks in ultraviolet (UV) and X-rays and IC peaks in the GeV–
TeV range (see Madejski & Sikora 2016, for a recent review). A systematic trend of increasing synchrotron luminosity and
increasing Compton dominance with decreasing synchrotron peak frequency is known as the blazar sequence (Fossati et al.
1998). Typical spectral indices of FSRQs in the X-rays are α ∼ 0.6 (Sikora et al. 2013), indicating nonthermal distributions
of ultrarelativistic electrons with p ' 2.2. To explain the observed SEDs, these electron energy distributions should extend to
γmax ∼ 103 for FSRQs and to γmax & 104 for HBLs. There are even a few ultrahigh-frequency-peaked BL Lacs (UHBLs) that
demand γmax & 104, possibly requiring hadronic models (Cerruti et al. 2015).
The nonthermal electron power-law distributions inferred in these systems have often been attributed to first-order Fermi
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acceleration in strong shocks (Spada et al. 2001; Sokolov et al. 2004), but such a model is viable only if the plasma involved
is weakly magnetized. In contrast, ADCs are thought to be strongly magnetized; the buoyant rise of magnetic energy to form
magnetically dominated coronae in accretion disc models with vertical stratification is well documented in local (shearing
box) simulations (Miller & Stone 2000; Bai & Stone 2013; Salvesen et al. 2016), suggesting that reconnection is the dominant
dissipation and particle acceleration mechanism (Galeev et al. 1979). As for blazar jets, the likely importance of magnetic
energy out to large distances in these systems is due to the nature of the hydromagnetic acceleration process, which is efficient
as long as the jet is magnetically dominated but becomes extremely inefficient once the kinetic energy and Poynting fluxes
become comparable (Begelman & Li 1994; Vlahakis & Ko¨nigl 2003a,b; Komissarov et al. 2007). Jet acceleration can be
facilitated by dissipation of magnetic energy, e.g., through reconnection triggered by current-driven instabilities (Begelman
1998; Giannios & Spruit 2006; Tchekhovskoy & Bromberg 2016; Sironi et al. 2015). Barring such dissipation, the conversion
of Poynting flux to kinetic energy would get ‘stuck’ at values of σi ∼ O(1).
It is thus interesting to observe that the nonthermal electron distributions with 2.2 < p < 4, which emit radiation spectra
with 0.6 . α . 1.5 seen in ADC and blazars, can be produced, according to our simulations, by magnetic reconnection with
4 & σi & 0.1 — just the range where substantial dissipation should go hand-in-hand with gradual acceleration of the jet
beyond approximate equipartition. We therefore suggest that reconnection in this semirelativistic, near-equipartition regime,
is a natural way to produce the observed nonthermal spectra in blazar jets, and perhaps in ADC as well.
Furthermore, adopting our estimated cutoff Lorentz factors for the accelerated electrons, γc ∼ 4σe = 4µσi, and assuming
σi = 4 (corresponding to p ' 2.2 and α = 0.6) for both FSRQs and HBLs, we obtain γc ∼ 3 × 104. This corresponds to a
frequency of the observed synchrotron peak ∼ 1015BGΓj Hz, where BG is the co-moving magnetic field in the emitting region,
measured in Gauss, and Γj is the Doppler boost due to the bulk Lorentz factor of the jet, which typically lies in the range
Γj ∼ 10−40 (Savolainen et al. 2010). FSRQs, with synchrotron peak frequencies extending from as low as∼ 1013Hz into the UV
band, would therefore require low magnetic fields BG . 1, consistent with the deduction that gamma rays must be produced
at rather large distances from the black hole, r > 0.1 pc ∼ 103Rg, where Rg = GM/c2 is the gravitational radius, to avoid
excessive pair-production opacity (Ghisellini & Madau 1996; Nalewajko et al. 2014). The gamma rays from HBLs, on the other
hand, could be produced closer to the jet base (at 10− 100Rg) with corresponding magnetic field strengths BG ∼ 102 − 103.
Electron Lorentz factors ∼ O(104) are also consistent with the TeV photons being produced by the synchrotron-self-Compton
mechanism in HBLs, in contrast to the MeV–GeV gamma rays in FSRQs, which most likely result from Comptonization of
ambient photon sources (Sikora et al. 1994; Ghisellini et al. 1998).
In addition to the distributed, and relatively steady, blazar emission discussed above, blazars often exhibit intense, rapid
flares in gamma rays (Abdo et al. 2010, 2011; Aharonian et al. 2007). To avoid excessive pair production, which would prevent
the gamma rays from escaping, the flaring regions must have local bulk Lorentz factors that exceed the mean for the jet
by a factor of a few (Begelman et al. 2008). Such ‘minijets’ could represent outflow regions from relativistic reconnection
sites (Giannios et al. 2009; Nalewajko et al. 2011), with local values of σi several times larger than the mean. We would
then predict the spectral slopes to be correspondingly flatter and the cutoffs higher in proportion to σ2i (assuming similar
sources of seed photons for Comptonization). An additional argument in support of the minijet model follows from our finding
(see §3.3) that relativistic reconnection-driven electron fluid flows do not actually require high σi but readily occur in the
semirelativistic, small-σi cases as well. Since gamma radiation is produced by the electrons, the minijet mechanism can thus
operate successfully over a broad range of plasma magnetizations, including the σi = O(1) regime favoured by the observed
spectral indices as described above.
Finally, we would like to stress the crucial role of the electron-ion plasma composition, in the semirelativistic limit, for
explaining the range of spectral indices typically seen in ADC and blazar jets. Kinetic simulations of relativistic reconnection in
electron-positron pair plasmas that produce highly relativistic energy cutoffs—necessary to explain the blazar observations—
yield nonthermal electron power-law indices close to p = 1 (Sironi & Spitkovsky 2014; Guo et al. 2014; Werner et al. 2016).
While such hard electron distributions may be necessary to explain the most extreme flaring events in blazars, characterized
by very flat photon spectra with spectral indices near zero (Hayashida et al. 2015), they are much too flat to be consistent
with most of the regular blazar emission observations, even if one took cooling into account. In contrast, in electron-ion
reconnection, electrons are accelerated to ultrarelativistic energies even for modest magnetizations σi ∼ 1, which, according
to our simulation results, are needed to explain the range of spectral indices observed in these systems.
6 CONCLUSIONS
In this paper, we performed a comprehensive numerical investigation of antiparallel (no guide magnetic field) collisionless
relativistic magnetic reconnection in an electron-ion plasma, relevant to many astrophysical systems, such as coronae of
accreting BHs in XRBs and AGNs, and their relativistic jets, including blazars. We used a series of large 2D relativistic PIC
simulations with real proton/electron mass ratio µ = mi/me = 1836 to probe various fundamental aspects of reconnection, such
as dynamics (reconnection rate, electron and ion outflows, and Hall-effect signatures), energetics (e.g., the energy partitioning
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between electrons and ions), and nonthermal particle acceleration in different astrophysically-relevant physical regimes. The
main focus of our study was on exploring how these aspects are affected as one transitions from the semirelativistic regime
(ultrarelativistic electrons but nonrelativistic ions), which has not been systematically explored before, to the fully relativistic
regime (both ions and electrons are ultrarelativistic). Since this transition is quantified by the initial ‘cold’ upstream ion
magnetization parameter σi = B
2
0/4pinb,imic
2 (basically, twice the average upstream magnetic energy per background ion
normalized by the ion rest mass), our parameter-space study explored a broad range of σi, from very small (semirelativistic
regime, µ−1 < σi . 1; down to σi = 0.03 in our simulations) to very large (ultrarelativistic regime, σi  1; up to σi = 104).
We also explored the dependence of various reconnection characteristics on the system size Lx (while keeping the aspect ratio
of our computational box fixed, Ly/Lx = 2), with our largest production runs (for all σi) reaching well into the large-system,
plasmoid-dominated regime.
Our main findings can be summarized as follows. First, the average dimensionless reconnection rate βrec = Erec/B0 during
the active reconnection phase approaches a constant value ∼ 0.1 in the ultrarelativistic limit σi  1. This value is consistent
with previous studies of relativistic electron-positron pair-plasma reconnection (Sironi & Spitkovsky 2014; Guo et al. 2015),
which is in fact expected since any dynamical differences between ions and electrons disappear in the ultrarelativistic limit
(and in the absence of radiative losses) and so electron-ion-plasma reconnection should become indistinguishable from the
extensively studied pair case. Our simulations also show that as σi is lowered below ∼ 1, βrec decreases. This dependence of
the reconnection rate on σ can be attributed almost entirely to the scaling of the upstream Alfve´n speed VA with σi: the
reconnection inflow velocity properly normalized to VA, βrec,A = cErec/B0VA, remains essentially constant (about 0.1) across
the physical regimes, varying very little as σi is varied over 3 orders of magnitude. We also find that the reconnection rate is
rather insensitive to the system size for large enough systems.
Our simulations also show that, just as in the nonrelativistic case, reconnection diffusion regions around X-points develop
a two-scale structure in the semirelativistic regime, with narrow electron current layers embedded in broader ion layers.
Interestingly, we find that electron fluid outflows in these electron layers can locally become relativistic, even in the small-
σi cases, when the overall (ion) reconnection outflows are subrelativistic; however, even for high-σi, these fluid outflows
do not become more than mildly relativistic with Lorentz factors of a few. Because the potentially observable radiative
signatures are dominated by electrons, this finding may have important astrophysical implications, especially in situations
where relativistic motions of the emitting, flaring plasma fireballs are inferred, as in the minijets model for ultrarapid TeV
flares in blazar jets (Giannios et al. 2009). Another interesting consequence of the different electron and ion flow patterns in
the reconnection region in the semirelativistic regime is the development of the classic Hall-effect signatures near magnetic
X-points (again, similar to nonrelativistic electron-ion reconnection): the out-of-plane magnetic field Bz with the characteristic
quadrupole structure and the corresponding dipolar (directed into the layer and downstream) in-plane electric field, which
can be described by an electrostatic potential that forms potential wells inside the plasmoids. As one transitions into the
ultrarelativistic regime, these signatures weaken, as expected.
We also explored the question of the partitioning of the released magnetic energy between electrons and ions as a function
of σi. This issue is important for interpreting astrophysical observations (e.g., for evaluating the energy budget of a high-energy
flare) and for computing observational signatures of global MHD simulations of, e.g., coronae of accreting black holes, since
only the electron fraction of the released energy can be promptly radiated away and hence directly observed as a flare. We found
that while the electrons and ions get equal amounts of energy in the ultrarelativistic limit, as expected, the electron energy
fraction decreases as σi is decreased, but eventually seems to asymptote at a finite value of about 1/4 in the semirelativistic
limit. We then proposed a simple empirical formula [see Eq. (3)] that describes this dependence.
Finally, we characterized the resulting energy spectra of electrons and ions accelerated by reconnection. We found that
both electrons and ions attain nonthermal distributions by the end of the reconnection process. In particular, we were able to
obtain clear evidence for nonthermal particle acceleration of electrons, manifested as robust power-law energy distributions.
We mapped out the dependence of the electron power-law index p and high-energy cutoff εc on σi and Lx, and found that the
index becomes fairly insensitive to the system size but exhibits a relatively strong dependence on σi in the semirelativistic
regime, well-fitted by the empirical relationship p = 1.9 + 0.7σ
−1/2
e [see Eq. (4)]. The electron cutoff energy is found to scale
approximately linearly with σi, namely, εc ' (3− 5)σimic2, over several orders of magnitude in σi, although its scaling with
Lx is not completely clear; a conclusive detailed investigation of this issue is left for a future study. As for ions, based on
our present simulations we cannot claim a power-law ion energy distributions in the semirelativistic regime, although in the
ultrarelativistic case the ion distribution of course becomes very similar to that of the electrons, with a clear power law.
We believe that our results have important astrophysical implications, e.g., for high-energy emission from blazar jets. In
particular, the electron power-law indices (p ∼ 2− 3) that correspond to the nonthermal radiation spectra typically observed
in blazars (α ∼ 0.6) can be produced by magnetic reconnection with modest ambient magnetization σi ∼ 1, in agreement
with the values that are naturally expected in theoretical models of relativistic jet acceleration.
Our present study acts as a bridge connecting two previously extensively-investigated limits: nonrelativistic electron-ion
reconnection (usually done in the context of, e.g., solar flares and Earth’s magnetosphere) and ultrarelativistic pair-plasma
reconnection (with applications to, e.g., pulsar winds and PWN). This research provides baseline knowledge of magnetic
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reconnection in the astrophysically-important semirelativistic electron-ion regime, describing the basic dynamics of reconnec-
tion as well as resulting particle acceleration, and offering a concrete way to connect theoretical models with astrophysical
observations by providing specific fitting formulae for several key parameters of the accelerated particle populations (such as
qe, p, and εc). Our study also opens up a number of exciting new opportunities that should be explored in the near future;
it will serve as a departure point for more detailed studies of the semirelativistic regime, including the examination of the
effects of guide magnetic field, upstream plasma temperatures, initial configurations other than Harris sheets, 3D effects, and
synchrotron and IC radiative cooling.
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APPENDIX A: ECKART AND LANDAU FLUID FLOW
In this appendix, we describe how to calculate relativistic fluid flow velocities from particles in our kinetic simulations. For
nonrelativistic motion, bulk fluid flow is unambiguously defined as the average velocity; in a local reference frame travelling
at this velocity, the net particle current density and momentum density both vanish. For relativistic motion, however, these
quantities may vanish in different frames and so the task/problem of defining the bulk flow velocity in terms of the moments
of particle distribution function becomes less trivial.
We first describe the Eckart flow velocity, defined to be the boost velocity that transforms to a reference frame in which
the current density vanishes Eckart (1940). Given a particle distribution f(p), where p is the four-momentum, we can define
a density-current four-vector
Nµ =
∫
vµf(p)d3p =
∫
pµf(p)
d3p
p0
(A1)
where p0 = γmc and v0 = 1; f(p) and d3p/p0 are invariant scalars, showing that Nµ transforms like the four-vector pµ.
Straightforward calculation shows that any (time-like) four-vector Nµ can be boosted to a reference frame in which N ′i = 0
for i = 1, 2, 3 by a velocity
viEckart =
N i
N0
=
∫
vif(p)d3p∫
f(p)d3p
= 〈vi〉. (A2)
Thus a boost by the average velocity transforms to a frame—the Eckart local rest frame—in which the net current density is
zero.
On the other hand, it is equally valid to consider the Landau fluid rest frame (Landau & Lifshitz 1959), in which the net
momentum density vanishes; in this frame, the components T ′i0 = T ′0i of the stress-energy tensor vanish. In a general frame,
the stress-energy tensor is
Tµν =
∫
vµpνf(p)d3p =
∫
pµpνf(p)
d3p
p0
. (A3)
The components T i0 are proportional to the local average momentum 〈pi〉. Given Tµν , one can determine the boost that
yields T ′i0 = 0 by first finding the boost along x that reduces T ′10 to zero, then boosting from that frame along y to reduce
T ′20 to zero, and finally along z.
However, we can also determine the Landau four-velocity u by considering the four-vector wµ = Tµνu
ν . Since boosting
u by itself yields u′ = (1, 0, 0, 0), and T ′i0 = 0 in the boosted frame,
w′µ = T ′µνu
′ν = T ′µ0 =
(
T ′00, 0, 0, 0
)
= T ′00u′. (A4)
Thus u′ is an eigenvector of the matrix T ′µν with eigenvalue T ′
0
0 = T
′00; transforming this eigenvalue equation to the original
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frame, we see that u is an eigenvector of Tµν with the same eigenvalue:
Tµνu
ν = T ′00uµ. (A5)
In the boosted frame, the matrix T ′µν is block diagonal, with the 1×1 block consisting of T ′00, corresponding to the eigenvector
u′ = (1, 0, 0, 0), and the 3× 3 block, which is symmetric and therefore has three real eigenvalues and orthogonal eigenvectors,
which are space-like because they are orthogonal to (1, 0, 0, 0). Therefore, the matrix Tµν also has four real eigenvalues, along
with one time-like and three space-like eigenvectors. The time-like eigenvector, if normalized to uµuµ = 1 (and, if necessary,
multiplied by −1 so that u0 > 0), yields the Landau four-velocity u.
To be clear, we note that Tµν = T
µκηκν , where η is the Minkowski metric with diagonal (1,−1,−1,−1). It is the
non-symmetric matrix Tη, and not the symmetric stress-energy tensor T , that must be diagonalized. In the boosted frame,
however, T ′η is symmetric because T ′ is symmetric and T ′i0 = 0.
Thus, given a local stress-energy tensor Tµν , the Landau four-velocity u can be found as follows:
(i) Diagonalize the matrix Tη and find its eigenvectors.
(ii) Only one eigenvector u is time-like; normalize it so that uµuµ = c
2 and u0 > 0; u is the Landau fluid velocity.
APPENDIX B: POWER-LAW FITTING
We have developed a robust procedure to fit the high-energy portion of particle energy spectra to a power law; subsequently
we can determine the high-energy cutoff of the power law. Essentially, the procedure attempts to identify the longest section
of the spectrum f(ε) that resembles a power law ∝ ε−p, and then fits a power law to that section only. [Here, ε = (γ − 1)mc2
is the particle kinetic energy.]
Because f(ε) is generally an excellent power law at very low energies (the low-energy part of the initial Maxwellian)—and
because we are mainly interested in the nonthermal spectrum—we look only at ε > εmin where εmin is around the average
particle energy (for this study, we used 1, 2, and 4 times the average energy).
We begin by smoothing f(ε). Empirically, we expect f(ε) to decrease monotonically above ε > εmin, and so any non-
monotonicity indicates noise. Therefore, we find the monotonic function closest to f(ε) using the Pool-Adjacent-Violators
algorithm (Mair et al. 2009), and use this to estimate noise; that is, we subsequently approximate f(ε) with the minimal
number of cubic splines necessary so that the best spline fit is, on average, no further from f(ε) than the monotonic fit. The
spline fit yields a smoother f(ε).
Working with the smoothed f(ε), we calculate the local slope p(ε) = −d ln f(ε)/d ln ε, and then, with brute force, search
for the longest interval [in terms of ln(ε)] over which p(ε) remains approximately constant (for example, p varies at most
within ±0.1 or ±0.2 of a central value). We estimate ‘the’ power-law index p as the median value of p(ε) over that interval.
After fitting a pure power law over the same interval, we calculate the cutoff energy εc where the measured f(ε) drops to a
value that is e−1 times the pure power-law fit.
This procedure for determining a power law has the advantage that, within the identified power-law section, the local
slope p(ε) does not vary much, and so guarantees that the identified section will really resemble a power law (although the
procedure might fail to find such a section of reasonable length). However, this procedure depends on several (somewhat
arbitrary though reasonably chosen) parameters, such as εmin, the amount of smoothing, and the allowed maximum variation
in p(ε). Therefore, for each particle spectrum obtained from simulation, we perform many fits with different sets of these
parameters, taking the median p (over all fits) as the final value. We estimate the robustness by determining the range of p
that encompasses the middle 68% of the fits, and express this range as ‘error’ bars around the median.
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